Turbulent jet ignition combustion is a promising concept for achieving high thermal efficiency and low NO x (nitrogen oxides) emissions. A control-oriented turbulent jet ignition combustion model with satisfactory accuracy and low computational effort is usually a necessity for optimizing the turbulent jet ignition combustion system and developing the associated model-based turbulent jet ignition control strategies. This article presents a control-oriented turbulent jet ignition combustion model developed for a rapid compression machine configured for turbulent jet ignition combustion. A one-zone gas exchange model is developed to simulate the gas exchange process in both pre-and main-combustion chambers. The combustion process is modeled by a two-zone combustion model, where the ratio of the burned and unburned gases flowing between the two combustion chambers is variable. To simulate the influence of the turbulent jets on the rate of combustion in the main-combustion chamber, a new parameter-varying Wiebe function is proposed and used for the mass fraction burned calculation in the main-combustion chamber. The developed model is calibrated using the least-squares fitting and optimization procedures. Experimental data sets with different air-to-fuel ratios in both combustion chambers and different pre-combustion chamber orifice areas are used to calibrate and validate the model. The simulation results show good agreement with the experimental data for all the experimental data sets. This indicates that the developed combustion model is accurate for developing and validating turbulent jet ignition combustion control strategies. Future work will extend the rapid compression machine combustion model to engine applications.
Introduction
The research and development of internal combustion (IC) engines have never stopped since they were invented over a century ago. As strict emission standards appeared and the importance of vehicle fuel efficiency improvement were realized, new combustion technologies were proposed and studied during the past few decades, such as the homogeneous charge compression ignition (HCCI) combustion.
1,2 Some of these techniques have entered production phase, like the Atkinson cycle-based engines used for many hybrid electric vehicles. Turbulent jet ignition (TJI) combustion is another promising combustion technology that has the potential to be used in the next generation IC engines.
The TJI combustion system was proposed almost a century ago. In 1918, Harry R. Ricardo first developed and patented the engine using a TJI system. 3 In the 1970s, more research efforts were devoted to the development of new TJI systems. Honda developed the compound vortex controlled combustion (CVCC) system that is considered the most significant development in Ottocycle engines with the TJI system. 4 It was able to meet the 1975 emission standards without a catalytic converter.
A typical TJI system consists of a main-combustion chamber and a small pre-combustion chamber. Its volume is a few percent of that of the main-combustion chamber. The two combustion chambers are connected through a few small orifices. The air-fuel mixture is lean in the main-combustion chamber and relatively rich (or close to stoichiometric) in the precombustion chamber to make spark ignition (SI) easy. Consequently, the TJI system usually needs two fuel delivering systems for the two combustion chambers. The combustion process is initiated by a spark inside the pre-combustion chamber. Then, the turbulent jets of the reacting products from the pre-combustion chamber flow into the main-combustion chamber and ignite the air-fuel mixture in the main-combustion chamber.
TJI combustion possesses many advantages over other combustion technologies. One of the approaches to reducing the NO x (nitrogen oxides) emissions is to operate the engine under very lean conditions with its relative air-to-fuel ratio (AFR) greater than 1 since the resulting relatively low temperature combustion leads to a significant reduction of NO x formation. Note that significant NO x emission reduction can only be achieved at the extremely lean condition for conventional SI engines. 5 The extremely lean operation of conventional SI engines will lead to poor combustion stability with high occurrence of misfire due to the narrow fuel flammability limits. The lean mixture also has very slow laminar flame speed that often leads to incomplete combustion. As a result, lean operation in conventional SI engines significantly increases HC (hydrocarbon) and CO (carbon monoxide) emissions. However, in the TJI combustion system, the mixture in the main-combustion chamber is ignited by the hot turbulent jet that contains much higher energy than a spark plug can provide. 6 As a result, the lean air-fuel mixture can be ignited and burned at a very fast rate with high combustion stability. Therefore, the TJI combustion system is able to greatly reduce NO x emissions while maintaining comparatively low HC and CO emissions, especially when the relative AFR, l, is greater than 1.4. According to previous research, stable combustion can be achieved for the TJI system when l is up to 1.8, approaching the elimination of NO x emissions. 7 HCCI combustion is also able to run the engine under very lean conditions. However, since HCCI combustion is not suitable for all engine operational conditions from low to high engine load, mode transition between SI and HCCI combustion is required. The combustion mode transition control along with the combustion phase control are two of the key challenges for HCCI combustion technology. 8, 9 In contrast, TJI combustion is able to cover the entire load-speed range of a typical SI engine and the start of combustion can be easily controlled by adjusting the spark timing in the TJI system. Note that as the engine load increases, the achievable lean limit decreases.
The spark timing, rate of combustion and other combustion parameters in the TJI system need to be optimized by control strategies to achieve the best fuel efficiency with reduced emissions. To develop and validate the TJI combustion control strategies, a controloriented TJI combustion model is also required. Toulson modeled a TJI engine using the computational fluid dynamics (CFD) method. 10 Ghorbani modeled a transient turbulent jet by the probability density function (PDF) method. 11 These investigations provide insight into better understanding TJI combustion. However, these models are too detailed to be used for model-based control. Model-based combustion control requires a simple combustion model capable of capturing the TJI system dynamics with good accuracy, and low computational and calibration efforts. 12 In this article, a control-oriented TJI combustion model is developed for a rapid compression machine (RCM) equipped with a TJI system. The gas exchange process in the combustion chambers before combustion is simulated by a one-zone gas exchange model. It is based on the assumption that the air and fuel are uniformly mixed in both combustion chambers. After ignition, both combustion chambers are divided into burned and unburned zones. The ratio between the burned and unburned gases flowing through the orifices connecting the two combustion chambers are adjusted due to the tiny pre-combustion chamber to improve the model accuracy. To link the two combustion processes in both combustion chambers, a new parameter-varying Wiebe function is proposed and used for the main-combustion chamber mass fraction burned (MFB) calculation. The newly proposed Wiebe function allows the combustion rate in the maincombustion chamber to vary based on the characteristics of turbulent jets from the pre-combustion chamber, which is one of the key features of TJI combustion.
The main contribution of this article is the development of a control-oriented TJI combustion model capable of real-time simulation. Especially, the utilization of the newly proposed parameter-varying Wiebe function makes it possible to link the two combustion events in both pre-and main-combustion chambers.
The article is organized as follows. The next section briefly describes the TJI system installed on a RCM and the following section provides the governing equations of the gas exchange and combustion processes. The developed model was calibrated and then validated using the experimental data from the RCM at Michigan State University. The conclusions are draw in the last section. Figure 1 shows the basic architecture of the RCM equipped with a TJI system modeled in this article. There is an auxiliary fuel system injecting the methane into the pre-combustion chamber. The two combustion chambers are connected by a small orifice. The detailed parameters of the system are listed in Table 1 .
System description
In this article, methane was used as the fuel for all the experiments. Two Kistler piezoelectric pressure sensors were installed into the two combustion chambers for pressure measurements. During the experiment, the combustion chamber wall was heated to 80°C. The combustion chambers were firstly evacuated by a vacuum pump and then filled with air-fuel mixture with a known AFR. Then, the piston rapidly compressed the mixture in both combustion chambers. At the same time, a charge of fuel was injected into the pre-combustion chamber; see Figure 2 . At the end of compression, the piston kept still; and therefore, the volume in the main-combustion chamber remained constant. At the falling edge of the dwell control signal, the spark is initiated through the spark plug inside the precombustion chamber and then the reacting products from the pre-combustion chamber were injected into the main-combustion chamber and ignited the air-fuel mixture. Figure 2 shows the control signals and the typical pressure traces measured during the experiment.
In order to have a good mixing, the fuel was injected during the compression. The fuel flow mixes with the gas flowing through the orifice from the maincombustion chamber during the injection, leading to better mixing. Moreover, to allow enough time for the mixing process after fuel injection, the injection timing was set at the beginning of the compression. In this way, we are able to make sure that the air-fuel mixture in the pre-combustion chamber is close to uniformly mixed.
Turbulent jet ignition combustion model

Gas exchange model
During compression, methane is injected into the precombustion chamber. The mass flow rate of the injected methane can be calculated by the one-dimensional compressible flow equation
where
Note that the coefficient C d1 is experimentally determined; A v1 is the orifice area of the fuel injector; k is the ratio of specific heats; R is the gas constant; P inj and T inj are the upstream pressure and temperature, respectively; and P pre is the pressure in the pre-combustion chamber.
The gas exchange process between the two combustion chambers is modeled similarly. However, the pressure in the pre-combustion chamber can be either greater or less than that in the main-combustion chamber. The mass flow rate between the two combustion chambers is calculated by the following equation
where C d2 and A v2 are the discharge coefficient and the area of the orifice connecting the two combustion chambers. The subscripts pre and main denote the precombustion and main-combustion chamber properties, respectively. Before ignition, the pre-combustion chamber is considered as a control volume with mass and energy exchange. The mass and energy conservation equations are used to describe such a control volume Figure 1 . Rapid compression machine. Pre-combustion chamber orifice diameter 1.5-3.0 mm where m pre and U pre are the mass and internal energy of the gas in the pre-combustion chamber, respectively; _ Q ht is the heat transfer rate through the chamber wall; and H is the enthalpy flow. The subscript inj and tur represent the properties of the gas from the fuel injector and through the orifice connecting the two combustion chambers, respectively. Assuming that the gas can be considered as an ideal gas, the two equations can be coupled by the ideal gas law below.
where V pre is the pre-combustion chamber volume. Substituting equation (5) into equation (4), the following two equations are obtained to calculate the gas pressure and temperature
where c p and c v are the specific heat at constant pressure and constant volume, respectively, and
The pre-combustion chamber volume is only around 2-4% of the main-combustion chamber clearance volume. Therefore, the gas flowing between the two combustion chambers can be neglected for the maincombustion chamber model. The pressure and temperature in the main-combustion chamber can be solved using the energy and mass conservation equations. These equations can be found in many other articles about engine modeling and thus will not be shown here. 1, 12 Two-zone combustion model After ignition, the pre-combustion chamber is divided into two zones to improve the model accuracy. Both the burned and unburned zones can be regarded as control volumes. Besides the mass, enthalpy, and work exchange between the two control volumes, there is also mass and enthalpy exchange through the orifice to the main-combustion chamber; see Figure 3 . The burned and unburned gases in the pre-combustion (or maincombustion) chamber are assumed to enter the burned zone and unburned zone in the main-combustion (or pre-combustion) chamber, respectively. Before the ignition of the main-combustion chamber, all the gas from the main-combustion chamber is considered as unburned gas. The energy balance equation of the burned zone is shown in equation (8) . To make the equations concise, the variables in the following equations in this subsection are for the pre-combustion chamber, if not specified
The energy balance equation of the unburned zone is represented by
The masses of both burned and unburned zones are obtained based on the following mass conservation law.
The subscripts b and u represent the burned zone and unburned zone. Q ht is the heat transfer to the chamber wall. Q ch is the chemical energy released by combustion. x b is the MFB. m turÀb and m turÀu represent the burned gas and unburned gas flowing through the orifice. Correspondingly, the area of the orifice is also divided into two parts. One for the burned gas and the other for the unburned gas. Figure 3 shows the basic idea of the two-zone combustion model. When the pressure in the pre-combustion chamber is greater than that in the main-combustion chamber, the two mass flow rates are calculated by
Similar result can be obtained when the pressure in the main-combustion chamber is greater than that in the pre-combustion chamber.
The coefficient a b in equation (11) is chosen as a function of the volume fraction of the burned gas v b . Assuming that the burned and unburned gases were always well mixed, a b would be always equal to v b . However, in reality, this is not the case. a b is combustion chamber structure dependent. For our TJI system, the spark plug is located at the top of the precombustion chamber; see Figure 1 . In this case, the combustion is initiated at the top of the pre-combustion chamber. Since the orifice is at the bottom, it is hard for the burned gas to escape from the pre-combustion chamber at the early stage of the combustion. As a result, the fraction of the burned gas flowing through the orifice to the main-combustion chamber is much smaller than the burned gas fraction inside the precombustion chamber. This is why a b is smaller than v b in the pre-combustion chamber when P pre . P main . Note that a b will be determined using experimental data. When P pre \ P main , the gas in the maincombustion chamber flows through the orifice and a b will be determined by the burned gas fraction in the main-combustion chamber. Since the combustion in the main-combustion chamber is initiated by the turbulent jet (close to orifice), the orifice is surrounded by the gas with high concentration of burned gas. Therefore, a b is larger than v b in the main-combustion chamber. And again, the actual value will be determined by the experimental data. This is the main reason why the two-zone combustion model is used. The value of a b can be expressed by equation (12) 
To simplify the calibration process, the two functions, f 1 and f 2 , are approximated by second-degree Be´zier curves.
14 Besides the control points (0,0) and (1,1), (c pre ,1 À c pre ) was added for f 1 and (c main ,1 À c main ) for f 2 as the third control points; see Figure 4 . The parameters c pre and c main are experimentally determined. The Be´zier curve guarantees a b 2 0, 1 ½ as long as c pre 2 0, 1 ½ and c main 2 0, 1 ½ . By changing c pre and c main , the ratio of the burned and unburned gases flowing through the orifice can be adjusted to better match the actual physical process and thus to improve the model accuracy.
Applying the principle of mass conservation, the instant fuel mass in the pre-combustion chamber can be obtained by
where l is the relative AFR, and A=F ð Þ s is the stoichiometric AFR. Note that only the fuel from the unburned zone is considered.
From equations (11) and (13), it can be observed that the total amount of fuel burned inside the precombustion chamber is highly influenced by a b .
The rate of chemical energy release (CER) is obtained by the following relationship
where the combustion efficiency h pre is experimentally determined, and Q LHV is the lower heating value of the fuel.
The rate of heat transfer to the combustion chamber wall can be modeled by the following equation
where A pre is the pre-combustion chamber surface area; T w is the mean wall temperature; and h c is the heattransfer coefficient calibrated by the experiment. After the ignition in the pre-combustion chamber, the combustion in the main-combustion chamber will not be initiated until the generation of the turbulent jet from the pre-combustion chamber. Before the ignition of the main-combustion chamber, the mass flow from the burned zone of the pre-combustion chamber to the main-combustion chamber is neglected. The amount of the fuel in the main-combustion chamber is calculated by
where m mainÀfuel is the fuel mass in the maincombustion chamber. After ignition in the main-combustion chamber, the burned zone is created. Different from the two-zone combustion model in a conventional SI engine, the combustion model of the main-combustion chamber needs to consider the gas flowing through the orifice into the pre-combustion chamber. The mass and energy conservation equations for burned and unburned zones are very similar to those of the pre-combustion chamber model presented in this subsection and are omitted here. The major difference is that the total volume of the main-combustion chamber is varying.
Mass fraction burned model
The MFB in the pre-combustion chamber is obtained from the Wiebe function 16 Figure 4. The value of a b in the two cases.
The coefficients, a and m, are chosen to be 6.908 and 2, respectively; t ign is the start of ignition; and Dt d is the burn duration that is calibrated by AFR before ignition.
At the early stage of the combustion in the maincombustion chamber, the rate of combustion is determined by not only the gas properties in the main-combustion chamber but also the turbulent jet from the pre-combustion chamber. This is due to the fact that the turbulent jets create multiple and distributed ignition sites, which increases the overall flame front area in the main-combustion chamber. Moreover, these turbulent jets increase the turbulence intensity in the main-combustion chamber and thus the flame front propagation speed. After the turbulent jet disappears, the rate of combustion reduces gradually to a relatively low level and its characteristics are mainly determined by the gas properties only in the main-combustion chamber. Here, the term 'intensity' of the turbulent jet is used to describe the resulting increment of the combustion rate in the main-combustion chamber due to the turbulent jet. Since the intensity of the turbulent jet is determined by the combustion processes in both combustion chambers, estimating the rate of combustion before ignition is difficult and requires significant calibration effort. Therefore, adjusting the rate of combustion according to the turbulent jet intensity during the combustion process is preferred for the TJI combustion model. The conventional single-Wiebe function is not suitable for our combustion model. The multiWiebe function is a possible approach for modeling the MFB. However, this requires determining all associated parameters before ignition occurs. Therefore, a new parameter-varying Wiebe function is proposed and used in this article; see equation (18) 
where t 0 and Dt d are determined by the spark timing and the AFR in the main-combustion chamber. The coefficients a and m are chosen to be 6.908 and 2, respectively. If a, m and Dt d are the same in equations (17) and (18), it can be proved that for any given
In other word, the combustion rate calculated by the new Wiebe function is b(t) times larger than that calculated by the conventional Wiebe function. Therefore, the intensity of the turbulent jet can be mathematically expressed by b t ð Þ. The combustion model is able to adjust the rate of combustion by making b(t) a function of some characteristics of the turbulent jet. Moreover, b(t) can be changed at any time during the combustion process. As long as b t ð Þ is greater than 0, the combustion rate is greater than 0 and x 0 b t ð Þ tends to 1 as t goes to infinity. From the available experimental results, it is found that the rate of combustion in the maincombustion chamber is highly related to the mass flow rate of the turbulent jets from the pre-combustion chamber. As a result, it is assumed that the intensity of the turbulent jet can be linked to its mass flow rate. Although this assumption provides a good match between the modeled and available experimental results, it is important to find an accurate method to calculate the intensity of the turbulent jet in the future when more experimental data are available. Since the influence of the turbulent jet on the combustion in the main-combustion chamber is also delayed, b t ð Þ is modeled to be proportional to the mass flow rate of the turbulent jet with first-order dynamics; see equation (20) . An offset is used such that b(t) = 1 when the mass flow rate of the turbulent jet is zero
Here Ã is the convolution operator and _ m + tur and f l are defined as follows
Note that u(t) denotes unit step. The convolution of _ m + tur with the exponential decay function f l represents the first-order dynamics and is used to emulate the time delay. To be more specific, f l is the time response of a low-pass filter with cutoff frequency v c . The parameters b and w c are experimentally determined. When _ m tur 40, we have b t ð Þ = 1 which means that the combustion rate will not be altered if there is no turbulent jet from the pre-combustion chamber.
Model calibration
The combustion model was calibrated using the experimental data collected from the RCM at Michigan State University described in the 'System description' section. The model is firstly calibrated using two experimental data sets and validated using another data set. Then, to further validate the model, more data sets with different pre-combustion chamber orifice sizes are used. The experimental set-ups for the first three cases can be found in Table 2 , where cases 1 and 2 are used for model calibration and case 3 for model validation.
The first step is to calibrate the heat transfer model. To do this, the net heat release (NHR) rate in the main-combustion chamber needs to be calculated from an inverse thermodynamic calculation based on the experimental pressure data. 12, 17 However, this calculation cannot be completed without knowing the mass flow rate between the two combustion chambers. Fortunately, the mass flow between the two combustion chambers mainly influences the combustion process in the pre-combustion chamber. Its effect on the main-combustion chamber is limited. For calibration purpose, the mass flow can be neglected when calculating the NHR rate in the main-combustion chamber. The result of the inverse calculation is shown in the upper plot of Figure 5 . The NHR rate is the sum of the CER rate and the heat transfer rate from the cylinder wall. The heat transfer model can be calibrated assuming that the heat transfer rate is dominant where the NHR rate is negative. The calculated heat transfer rate is shown in the bottom plot of Figure 5 .
The next step is to calibrate Dt d for the maincombustion chamber. After the heat transfer model is calibrated, the CER rate can be obtained by subtracting the heat transfer rate from the NHR rate, shown as the dotted line in Figure 5 . This allows one to calculate the MFB of the main-combustion chamber, which is the solid line in Figure 6 . According to the later stage of the MFB curve (shown in Figure 6 ), the parameter, Dt d , in the Wiebe function can be determined by a linear least-squares fitting procedure. 18 The dotted line in Figure 6 is the curve fitting result. The parameter b t ð Þ is set to be 1 during this calibration procedure.
Because the heat transfer coefficient h c of the precombustion chamber is assumed to be equal to that of the main-combustion chamber. The heat transfer rate to the pre-combustion chamber wall is determined. This allows one to calibrate the other unknown parameters in Table 3 using a nonlinear least-squares optimization procedure. Among these parameters, c pre , c main , v c and b in equations (12) and (20) remain constant for all the first three experimental cases. The results of the linear least-squares fitting and nonlinear least-squares optimization procedures are shown in Table 3 .
The nonlinear least-squares optimization problem is solved by the nonlinear least-squares solver in Matlab using the Trust-Region-Reflective algorithm. This algorithm minimizes the following function
where n is the total number of the data points; P preÀi and P mainÀi are the experimental pressure points;P preÀi andP mainÀi represent the modeled pressure points; i is the data index.
Model validation and simulation results
After the calibration procedure, the model is then validated by the third experimental data set listed in Table 2 . The simulation parameters for the third experimental case are determined based on the following simple assumptions. Since the AFR in the maincombustion chamber of the third case is the same as the first one, Dt d and h main of the main-combustion chamber are assumed to be the same as in the first case.
In the pre-combustion chamber, the other combustion parameters are assumed to vary linearly with the AFR for the three experimental cases, because their AFRs in the pre-combustion chamber are within a relatively small range. Based on the calculated AFRs in Table 2 , the coefficients, Dt d and h pre of the pre-combustion chamber are calculated and listed in Table 4 . The parameters, c pre , c main , v c and b, remain the same. Figures 7-9 show the comparison between the modeled and experimental pressure traces in two combustion chambers for the three experimental cases. The calculated pressure traces for the first two cases match the experimental pressure traces very well, since their parameters are obtained by the calibration procedure. Although the combustion parameters for the third case are calculated based on the very simple assumptions discussed above, the agreement between the modeled and measured pressure traces is satisfactory. The relative errors on the pressure traces are always below 10%. The errors mainly occur after 31 ms in Figure 9 . These errors are mainly caused by the simple assumptions used for determining the simulation parameters for case 3. In reality, the combustion process in the main-combustion chamber does not only depend on the parameters in the main-combustion chamber. The relationship between the combustion parameters and the AFR in the pre-combustion chamber is also not exactly linear. Once more experimental data are available, further calibration can be done and model accuracy can be improved. One of the main differences between TJI combustion and conventional SI combustion is that the turbulent jet increases the rate of combustion in TJI combustion. The experimental and calculated NHR rates are compared in Figure 10 . We can find a peak on the NHR rate curve at the early stage of the combustion, which is caused by the turbulent jet. As an example, Figure 11 shows how the model simulates the rate of combustion according to the mass flow rate of the turbulent jet. The top plot of Figure 11 shows the mass flow rate through the orifice connecting the two combustion chambers. The curve in the middle plot of Figure 11 is b t ð Þ in equation (20) . The bottom plot of Figure 11 is the calculated CER rate. According to the simulation results, the MFB model with the parameter-varying Wiebe function successfully links the combustion processes in two combustion chambers.
The value of the coefficient a b during the simulation is shown in Figure 12 , where the dashed line is the value of a b calculated by assuming P pre is greater than P main and the dash-dotted line is the value of a b calculated by assuming P pre is less than P main . The actual value of a b used for the combustion calculation, that is shown by the solid line, is on the dashed line at beginning because the pre-combustion chamber is ignited first. After the switch line (see Figure 12) , the maincombustion chamber pressure becomes larger than that of the pre-combustion chamber, a b jumps from the dashed line to the dash-dotted line.
To further validate the model, 12 more experimental data sets were used. The orifice diameter varied from 2:0 mm to 3:0 mm. The relative AFRs in the two combustion chambers varied from 0.9 to 1.5. To simplify the presentation, the pressure traces were plotted only for the first three cases; see Figures 13-15 . The experimental set-ups for the three cases are shown in Table 2 , as cases 4-6. The associated calibration results can be found in Table 5 . For the other cases, the calculated 10-50% burn duration (Burn1050) and 50-90% burn duration (Burn5090) of the main-combustion chamber were compared with the experimental values; see Due to large variations of orifice areas and AFRs of these data sets, the model parameters need to be re-calibrated. However, b and w c were kept unchanged for the cases with the same orifice sizes, like cases 4 and 5. It was also found that c pre and c main were very similar for all the experimental cases. This indicates that these two parameters are mainly associated with the combustion chamber structure. In Table 5 , the pre-combustion chamber burn durations are quite different from the previous experimental cases 1-3. This is due to the difference in the orifice area.
To conclude, the proposed model is able to fit the experimental data sets with large ranges of AFRs in both combustion chambers and different precombustion chamber orifice areas. This indicates that the developed combustion model has the potential to be used for the development of a TJI engine model.
Conclusion
This article presents a control-oriented TJI combustion model for the RCM at Michigan State University. A newly proposed parameter-varying Wiebe combustion model is used to link the combustion processes in both pre-and main-combustion chambers. The developed model can be calibrated using a simple and systematic calibration procedure based on the experimental data. The model validation process shows good agreement between the modeled and experimental pressure traces, which indicates that the developed model is capable of accurately capturing TJI combustion dynamics. The validation results also indicate that the model is able to predict the combustion process that is not used to calibrate the model parameters. This shows that the developed model has the potential to be used for studying TJI combustion engines and developing associated control strategies. Although only methane is used as fuel in this article, this model can be extended to other gaseous fuels with new calibrations. However, for liquid fuel, the model structure may need to be changed; particularly, a gas-fuel mixing model will be required. Future work will extend the modeling work for TJI engines using gaseous fuel. Note that in this case the piston dynamics and gas exchange (intake and exhaust) models need to be added. Burn5090: 50-90% burn duration.
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